Introduction {#sec1}
============

Intrinsic GaN with inherent polarization on *c*-plane substrates is supposed to exhibit superior electrical properties to almost all of the other existing semiconductors, such as high electron mobility and a very high sheet carrier density of two-dimensional electron gas (2DEG) formed in an AlGaN/GaN heterostructure but without using any modulation doping^[@ref1],[@ref2]^ and high breakdown voltage (with the theoretical value of the critical electrical field of ∼3MV/cm).^[@ref3],[@ref4]^ Due to its wide band gap, intrinsic GaN is supposed to be at least semi-insulating. Despite significant progress obtained in the last two decades, the performance of GaN electronic devices is far from the limits of this material, which we believe is due to the challenges in material growth. Therefore, it is crucial to understand the fundamental issues from the perspective of epitaxial growth and then to explore a new approach toward these theoretical limits.

Currently, a standard growth approach for GaN grown on sapphire is based on the classic two-step method developed by three 2014 Nobel Prize Laureates Akasaki, Amano, and Nakamura by using metal--organic vapor-phase epitaxy (MOVPE) techniques; namely, a thin GaN or AlN nucleation layer is initially prepared at a low temperature (LT) followed by a thick GaN buffer layer grown at a high temperature prior to the growth of any further device structures. In terms of growth modes, this approach is based on the initial formation of small islands on a nanometer scale evolved from the LT nucleation layer due to a subsequent annealing process followed by a gradual coalescence process to finally obtain a flat surface (i.e., initially a three dimensional (3D) growth mode and then a 2D growth mode). This two-step growth approach has resulted in major improvement in the crystal quality of GaN in the last two decades, leading to unprecedented success in the field of III-nitride optoelectronics. However, this growth approach poses a great challenge in obtaining a semi-insulating GaN buffer layer, which is crucial for the growth of GaN electronics.^[@ref5]−[@ref7]^ The GaN buffer grown by using the two-step method exhibits severe current leakage as a result of its low resistivity. In order to address this issue, a carbon-doped (C-doped) GaN buffer approach still based on the two-step method has been widely adopted for the growth of AlGaN/GaN-based high-electron-mobility transistors (HEMTs) as C-doped GaN, which can be obtained by growing nominally undoped GaN at a low temperature, has been proven to be efficient to suppress a buffer leakage based on a compensation mechanism.^[@ref8],[@ref9]^ Despite the improvement in off-state buffer leakage, the best report on the critical electric field for a single C-doped buffer layer (not an HEMT structure) is limited to 2 MV/cm.^[@ref8]^ It is worth further highlighting that a C-doped buffer layer needs to be far from the 2DEG channel of an HEMT in order to prevent the high concentration of acceptors induced by C-doping from diffusing into the 2DEG channel (otherwise, this leads to a significant reduction in sheet carrier density).^[@ref9],[@ref10]^ As a result, an undoped GaN layer prepared at a high temperature (which can significantly reduce or eliminate C-doping) is generally required prior to the growth of the AlGaN barrier of an HEMT structure.^[@ref9]^ Of course, an increase in the undoped GaN layer thickness is more effective for stopping carbon diffusion while also enhancing the risk of a buffer leakage. Therefore, a compromise between buffer leakage and the thickness of the undoped GaN layer has to be made.^[@ref9],[@ref10]^ Consequently, the critical electric field of a full HEMT structure using the C-doped buffer approach is limited to 1.5 MV/cm, which is far below the theoretical limit of GaN.^[@ref11],[@ref12]^

Only a few reports, which have reported a higher breakdown field of GaN than 1.5 MV/cm, are limited to a p--n junction (in a vertical architecture) grown on extremely expensive bulk GaN substrates,^[@ref12]−[@ref17]^ which do not reflect the intrinsic properties of GaN due to the utilization of a p--n junction. In addition, the breakdown field is calculated depending on the accuracy of the p-doping level used in a p--n junction, and furthermore, the major advantage of the 2DEG formed as a result of the inherent polarization cannot be exploited for such a vertical architecture.

Therefore, it is crucial to explore a new growth approach to fully exploit the upper limits of intrinsic GaN for widely used lateral devices where the 2DEG formed as a result of the inherent polarization can be fully exploited.

In this study, we have explored an approach toward the limit of GaN materials by means of using our high-temperature AlN buffer, which was originally designed for the growth of novel III-nitride optoelectronics^[@ref18]−[@ref22]^ instead of the classic two-step growth method, where a 2D growth mode is employed throughout the whole growth processes. A record breakdown field of 2.5 MV/cm has been demonstrated. Furthermore, high-voltage AlGaN/GaN HEMTs with an extremely low off-state buffer leakage current of down to 1 nA/mm at up to 1000 V have been obtained.

Experimental Section {#sec2}
====================

MOCVD Growth on *c*-Plane Sapphire Substrates {#sec2.1}
---------------------------------------------

Sample A was prepared using the classic two-step approach. The detailed growth conditions for sample A are provided in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsami.9b19697/suppl_file/am9b19697_si_001.pdf). Samples B to E were grown by using our high-temperature AlN buffer approach; namely, ammonia (NH~3~) preflow was then conducted on sapphire for nitration after the substrate was initially subjected to a high-temperature annealing process under ambient H~2~. A 500 nm AlN buffer layer was subsequently grown at 1180 °C followed by the growth of a 1.5 μm GaN buffer layer, then a 1 nm AlN spacer, and finally a 25 nm AlGaN barrier (20% Al composition) all grown at 1110 °C. The detailed growth conditions for samples B--E are provided in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsami.9b19697/suppl_file/am9b19697_si_001.pdf). Hall measurements were conducted on all the samples, showing a similar sheet carrier concentration of around 9 × 10^12^ cm^--2^ with an electron mobility around 1300 cm^2^ V^--1^ s^--1^, while single GaN cannot achieve such a high carrier concentration and such a high mobility.

Fabrication of AlGaN/GaN HEMTs {#sec2.2}
------------------------------

A mesa isolation was first performed using Cl~2~-based inductively coupled plasma (ICP) dry etching with an etch depth of 350 nm. A Ti/Al/Ni/Au alloy (20/120/20/45 nm) was then deposited using a standard thermal evaporator followed by a rapid thermal annealing process at 775 °C for 1 min in order to form ohmic contacts for source and drain electrodes. A contact resistance of 1 Ω·mm was obtained by using a transmission line measurement. A Ni/Au alloy (20 nm/200 nm) was then deposited to form Schottky contact serving as a gate electrode. Finally, bond pad metal was deposited using Ni/Au (20/200 nm) for electrical characterization.

Breakdown Measurements {#sec2.3}
----------------------

Two isolated ohmic pads with a gap spacing of 3 μm were used to test a breakdown. A 1000 V Keithley 2410 source measure unit (SMU) was used to supply a bias between the two ohmic pads and then monitor leakage current. The bias increased from 0 V with a 5 V step size until a catastrophic breakdown occurred in device under test (DUT). The breakdown voltage was recorded and was converted to an electric field over the 3 μm gap spacing. Four terminal breakdown measurements were performed to characterize an off-state leakage current for our HEMTs. A 1000 V Keithley 2410 SMU was connected to the drain electrode of the DUT to sweep the bias from 0 to 1000 V with a 5 V step size. The gate was pinched off at *V*~GS~ = −5 V using a 40 V Keithley 2602b SMU. Two Keithley 2410 and Keithley 2602b SMUs were used as ampere meters and were connected to the source and the substrate electrodes. The currents flowing through the drain, the source, the gate, and the substrate electrodes were monitored individually via the corresponding SMUs.

Results and Discussion {#sec3}
======================

In order to maintain a 2D growth method and also to minimize auto carbon-doping in GaN (generally occurs at a low temperature^[@ref7]^), high temperatures for both the growth of the thick AlN buffer (at 1180 °C) and the subsequent growth of a GaN buffer layer, then an AlN spacer, and finally an AlGaN barrier (all at 1110 °C) are utilized. Furthermore, a low V/III ratio needs to be carefully optimized in order to facilitate a 2D growth mode throughout the whole growth processes. AlGaN/GaN HEMTs with a depletion mode (D-mode) have been fabricated in order to characterize the electrical performance of the GaN buffer.

[Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"} shows the schematics of a standard HEMT structure, typically consisting of a 25 nm Al~0.20~Ga~0.80~N barrier and a 1 nm AlN spacer in addition to the GaN buffer layer and the AlN buffer layer. The HEMT device was fabricated with a gate width of 100 μm, a gate length of 1.5 μm, a gate-drain separation (*L*~GD~) of 9 μm, and a source-drain separation of 13 μm. The larger *L*~GD~ implemented than the source-drain separation is to withstand high drain voltages. In order to test the intrinsic properties of our GaN buffer, we did not use any passivation or any field plates for the fabrication of the HEMTs.

![Schematics of our AlGaN/GaN HEMT structure.](am9b19697_0005){#fig1}

In order to examine the maximal critical electric field of our samples, two isolated ohmic contacts with a 3 μm gap spacing have been fabricated where standard Ti/Al alloys are used for the ohmic contacts. The inset of [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"} schematically illustrates our setup for our buffer leakage measurements. A bias, which is applied between the two ohmic contacts, increases until a breakdown takes place, where breakdown is defined as when the leakage current exceeds 20 mA/mm. [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"} shows the breakdown field results of all the samples. Two separate groups (samples A to C and samples D and E) have been identified. For sample A and samples B and C, the breakdown takes place at a bias of \<300 V, meaning low breakdown fields of 0.25, 0.5, and 1 MV/cm, respectively.

![Data for the breakdown field measurements for all samples where sample E shows an extremely high breakdown field of 2.5 MV/cm. Inset: schematic of our test setup for buffer leakage measurements.](am9b19697_0004){#fig2}

In remarkable contrast, samples D and E demonstrate a high breakdown field over 2 MV/cm, in particular sample E, which exhibits an extremely low buffer leakage of \<1 μA/mm at up to 1.65 MV/cm and a breakdown voltage of 750 V that is equivalent to an extremely high breakdown field of 2.5 MV/cm. This value approaches the theoretical limit of GaN, which is more than 1.5 times the upper limit of any existing GaN buffers including C-doped GaN buffers.

[Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a shows the gate transfer characteristics of our AlGaN/GaN HEMTs fabricated on sample E as shown in the inset of [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a. An output current of 370 mA/mm has been obtained at *V*~GS~ = 1 V with a threshold voltage of around −3.5 V. [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}b shows a typical *I*--*V* characteristic, exhibiting an on-state resistance (*R*~on~) of 13 Ω mm, which is equivalent to 1.95 mΩ·cm^2^, considering the active region of a 1 μm transfer length from both source and drain electrodes. Four terminal breakdown measurements as illustrated in the inset of [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}c have been conducted to measure the buffer leakage of the devices. The gate is pinched off at *V*~GS~ = −5 V, while the drain is swept from 0 to 1000 V, the upper limit of the bias of our setup. The currents through the drain (*I*~total~), source (*I*~buffer~), gate (*I*~gate~), and substrate (*I*~sub~) electrodes have all been monitored, while only *I*~total~ and *I*~buffer~ have been shown for simplicity.

![(a) Gate transfer characteristics (DC) of the devices fabricated on sample E; inset: optical image of the fabricated AlGaN/GaN HEMT; (b) *I*--*V* characteristics (DC) of the fabricated device; (c) four terminal breakdown results measured at *V*~GS~ = −5 V and *V*~DS~ of up to 1000 V with monitoring current through drain (*I*~total~), source (*I*~source~), gate (*I*~gate~), and substrate (*I*~sub~) (only *I*~total~ and *I*~buffer~ are shown); inset: schematic of our terminal breakdown measurement setup; (d) benchmarking our devices against the state of the art by comparing their figures-of-merit (*V*~br~^2^/*R*~on,sp~).](am9b19697_0003){#fig3}

[Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}c demonstrates that an extremely low off-state buffer leakage of \<1 nA/mm at up to 1000 V has been achieved. The total leakage current is dominated by *I*~gate~ as a result of our highly resistive GaN buffer layer. Despite slight variation in *I*~total~, an excellent off-state leakage current of 100 nA/mm has been achieved at 1000 V for the device with a *L*~GD~ of 9 μm without any field plates. [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}d shows that our device demonstrates an excellent figure-of-merit (*V*~br~^2^/*R*~on,sp~) of 5.13 × 10^8^ V^2^/Ω·cm^2^ compared to existing AlGaN/GaN HEMTs.^[@ref24]−[@ref35]^

Further material characterization has been conducted on samples D and E in order to explore the fundamental physics behind the extremely high breakdown voltage and the extremely low leakage current. [Figure [4](#fig4){ref-type="fig"}a,](#fig4){ref-type="fig"}b shows the atomic force microscopy (AFM) images of a standard GaN layer grown using the classic two-step growth method and the GaN layer grown on our high-temperature (HT) AlN buffer in a scanning area of 1 × 1 μm^2^, respectively. The AFM images with a larger scanning area are provided in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsami.9b19697/suppl_file/am9b19697_si_001.pdf). [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a shows that the standard GaN grown by using the classic two-step method typically exhibits a number of dark spots due to the termination of screw dislocations, which can be widely observed as a replica of GaN coalescence on GaN nanoislands formed from the thin LT nucleation layer due to the annealing processes mentioned above.^[@ref23]^ In remarkable contrast, [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}b shows the typical AFM image of the GaN grown on our HT AlN that exhibits features with parallel and straight terraces without any dark spots, demonstrating a step-flow growth mode, that is, a typical 2D layer-by-layer growth mode, which is different from the classic two-step growth.^[@ref19]−[@ref23]^ These results are consistent with the X-ray diffraction (XRD) measurements performed along the (002) direction as shown in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}c. The GaN on our HT AlN buffer exhibits a narrow full width at half-maximum (FWHM) of the XRD rocking curve, ∼100arcsec, and the FWHM of the (0002) XRD rocking curve of our HT AlN buffer itself is only 80 arcsec as we reported previously.^[@ref19]−[@ref22]^ The much narrower FWHM indicates a very low screw dislocation density, which has also been confirmed by our transmission electron microscopy measurements.^[@ref19]^ Note that the typical FWHM of the (0002) XRD rocking curve of standard GaN grown by the two-step method is around 250--300 arcsec.^[@ref23]^ In order to maintain a 2D growth mode, it is necessary to grow an AlN buffer layer at a very high temperature and a very low V/III ratio under a low pressure.^[@ref19]−[@ref22]^ The subsequent GaN buffer growth also needs to follow a similar trend with a high growth rate. An increased V/III ratio and a reduced growth temperature will lead to a deviation from a 2D growth mode, such as samples B and C.

![Typical AFM images of the GaN layer grown (a) using the classic two-step growth method and (b) on our HT AlN buffer; (c) XRD rocking curves of the GaN grown on our HT AlN buffer and the HT AlN buffer itself both along the (002) direction; inset: XRD rocking curve of the GaN grown on our HT AlN buffer; (d) PL spectra of the GaN grown on our HT AlN buffer, measured at 18 K using a 325 nm He-Cd laser as an excitation source.](am9b19697_0002){#fig4}

Generally speaking, it has been predicted that the electrical properties of GaN are strongly affected by threading dislocations, namely, screw and edge dislocations.^[@ref36],[@ref37]^ For example, screw dislocations generally generate current leakage paths. Therefore, it is crucial to significantly reduce the density of screw dislocations in order to minimize leakage current in GaN.^[@ref36],[@ref37]^ Edge dislocations are likely to accommodate any unintentional acceptor impurities. As a result, edge dislocations with a reasonably high density can effectively suppress leakage current.^[@ref37]^ The GaN grown on our HT AlN in a 2D growth mode aligns with the two requirements. Although the FWHM of the XRD rocking curves of either the GaN or the AlN along the (002) direction is very narrow, meaning a very low screw dislocation density, the FWHM of the XRD rocking curve along the (102) direction is 850 arcsec for samples D and E as shown in the inset of [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}c, which is much broader than that of the standard GaN grown using the classic two-step growth method (typically ∼300 arcsec). This means that our GaN exhibits a fairly high density of edge dislocations. Therefore, our results agree with the theoretical studies,^[@ref6],[@ref10],[@ref36],[@ref37]^ confirming the influence of threading dislocations on the electrical properties of GaN. The detailed XRD rocking curves (including FWHM) of the standard GaN measured along both the (002) and the (102) directions are provided in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsami.9b19697/suppl_file/am9b19697_si_001.pdf).

Further material characterization includes low-temperature photoluminescence (PL) measurements performed at 18 K. C-doped GaN typically exhibits a much stronger yellow band emission centered at 550 nm due to carbon doping induced deep levels.^[@ref6],[@ref10]^ In contrast, [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}d shows the PL spectrum of sample E, which exhibits a strong GaN band edge emission at 357 nm with a negligible yellow band emission at 550 nm. This means that negligible auto carbon doping was generated during the epitaxial growth processes of our GaN at a high temperature. The conclusion agrees with the fact that a high growth temperature (\>1100 °C) leads to a remarkable limit in carbon incorporation into GaN as a result of the increased availability of absorbed hydrogen.^[@ref7]^ The PL spectrum of the standard GaN measured at 18 K is provided in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsami.9b19697/suppl_file/am9b19697_si_001.pdf).

Conclusions {#sec4}
===========

In conclusion, we have reported a record breakdown field of 2.5 MV/cm on our HEMTs grown using the undoped GaN buffer layer on our HT AlN buffer technology on sapphire, which approaches the theoretical limit of GaN and is \>1.5 times that of any existing GaN buffers including C-doped buffers. Our fabricated AlGaN/GaN HEMTs with a *L*~GD~ of 9 μm have demonstrated a negligible buffer leakage of 1 nA/mm at 1000 V and an excellent figure-of-merit (*V*~br~^2^/*R*~on,sp~) of 5.13 × 10^8^ V^2^/Ω·cm^2^. We believe that a 2D growth method, which benefits from our HT AlN buffer technology, makes a major contribution to the extremely high breakdown field and the extremely low leakage current. The presented results also imply that it is possible to achieve the intrinsic limits of GaN electronics by further exploring epitaxial growth on large lattice-mismatched and industry compatible substrates.

The Supporting Information is available free of charge at [https://pubs.acs.org/doi/10.1021/acsami.9b19697](https://pubs.acs.org/doi/10.1021/acsami.9b19697?goto=supporting-info).Experimental section, a table of growth parameters, AFM images, and XRD curves ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acsami.9b19697/suppl_file/am9b19697_si_001.pdf))
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